We report results of measurements and of Hartree-Fock level calculations of molecular-frame photoelectron angular distributions (MFPADs) for C 1s photoemission from CO 2 . The agreement between the measured and calculated MFPADs is on average reasonable. The measured MFPADs display a weak but definite asymmetry with respect to the O þ and CO þ fragment ions at certain energies, providing evidence for an overlap of gerade and ungerade final ionic states giving rise to a partial breakdown of the two-step model of core-level photoionization and its subsequent Auger decay. DOI: 10.1103/PhysRevLett.101.083001 PACS numbers: 33.60.+q, 33.80.Àb, 34.80.Ài Interference effects have been intriguing from the very beginning of quantum mechanics. Consider, for example, the processes of core-level photoionization and subsequent Auger decay. These processes are often considered not to be correlated and are thus described separately within a two-step model. However, quantum interference may lead to a breakdown of this well-known two-step model. Strictly speaking, the two-step model assumes there is an isolated intermediate state which is excited in the first step and then decays in the second step. An obvious consequence of the model is that the outcome of an Auger experiment can be predicted from a knowledge of the properties of a single intermediate state and of the transition amplitude from that state into the Auger final state. On this basis the two-step model should be violated if there is interference between quantum paths with different intermediate states, as discussed previously both for atoms [1] and molecules [2] . The overlap between different electronic states due to lifetime broadening plays a role in atoms, whereas vibrational motion in the intermediate state plays a major role in molecules.
Interference effects have been intriguing from the very beginning of quantum mechanics. Consider, for example, the processes of core-level photoionization and subsequent Auger decay. These processes are often considered not to be correlated and are thus described separately within a two-step model. However, quantum interference may lead to a breakdown of this well-known two-step model. Strictly speaking, the two-step model assumes there is an isolated intermediate state which is excited in the first step and then decays in the second step. An obvious consequence of the model is that the outcome of an Auger experiment can be predicted from a knowledge of the properties of a single intermediate state and of the transition amplitude from that state into the Auger final state. On this basis the two-step model should be violated if there is interference between quantum paths with different intermediate states, as discussed previously both for atoms [1] and molecules [2] . The overlap between different electronic states due to lifetime broadening plays a role in atoms, whereas vibrational motion in the intermediate state plays a major role in molecules.
An alternative view of the two-step model is that the outcome of the photoionization and Auger experiments can be predicted without accounting for the interaction between the photoelectron and the Auger electron or the postcollision interaction (PCI). PCI plays an essential role in this class of breakdown. From this point of view, two interesting and contradictory results have been reported for molecular-frame Auger electron angular distributions for CO molecules. Guillemin et al. observed a strong variation of the angular distribution with the initial ionization channel (AE or Å) and with photon energy which they attributed to the breakdown of the two-step model [3] . Later, Weber et al. revisited this problem and reported results in disagreement with those of Guillemin et al., concluding that the two-step model holds [4] .
These discussions of the breakdown of the two-step model focus on its influence on the Auger spectrum. Recently, Scheit and Cederbaum [5] noted that the photoelectron spectrum may also be influenced by the breakdown of the two-step model, if the spectrum is recorded in coincidence. Their emphasis was on the modification of the vibrational distribution in the photoelectron spectrum and the role of nuclear dynamics. In the present contribution, we discuss the photoelectron angular distributions recorded in coincidence with fragment ions as an indication of partial breakdown of the two-step model.
The most natural reference frame in which to consider molecular photoionization is the molecular frame. Experimentally, this can be realized by angle-resolved photoelectron-photoion coincidence measurements as demonstrated by Shigemasa et al. [6] . Position sensitive detectors have enabled a remarkable breakthrough in measurements of molecular-frame photoelectron angular distributions (MFPADs). To date, these multicoincidence momentum imaging techniques have been extensively employed to study the MFPADs of linear molecules [7] [8] [9] [10] [11] [12] [13] . This approach to MFPAD measurements, however, implicitly assumes the two-step model, in which the MFPAD is assumed to be factored out from the subsequent decay.
To discuss the breakdown of the two-step model in MFPAD measurements, we revisit the C K-shell photoionization of CO 2 and record C 1s photoelectrons in coincidence with O þ and CO þ . An asymmetry in the MFPADs
The American Physical Society for photoemission from the central C atom relative to the O þ and CO þ directions would constitute evidence for the breakdown of the two-step model because the factorization within the two-step model would, in fact, restore the symmetry of the MFPAD for 1s photoemission from the central C atom. Thus, the asymmetry, if observed, would directly indicate that the photoemission process is correlated with subsequent anisotropic processes and would imply a breakdown of the two-step model.
The experiment was carried out on the c branch of the soft x-ray photochemistry beam line 27SU [14] [15] [16] at SPring-8 and was practically the same as previously reported with the preliminary results [11] . Our coincidence momentum imaging apparatus was based on measurements of electron and ion time-of-flight (TOF) with two multihit two-dimensional position sensitive detectors which was equivalent to cold-target recoil momentum spectroscopy or reaction microscope [17] . A supersonic jet of CO 2 in the vertical direction crossed the photon beam in the horizontal direction. The TOF axis was in the horizontal direction and perpendicular to both the gas and photon beams. Photoelectrons and fragment ions ejected over 4 steradians were driven to each of the electron and ion detectors using uniform electrostatic and magnetic fields. Each detector was equipped with a 2-dimensional (2D) multihit readout delay-line anode (Roentdek), which permitted measurements of both the time of detection and the 2D position coordinates and thus allowed us to extract 3-dimensional (3D) momenta. We recorded only events in which at least two ions and one electron were detected in coincidence. The orientation of the molecular axis at the time of photoemission was extracted from the momentum vectors of the CO þ and O þ fragments resulting from Coulomb dissociation of CO 2þ 2 subsequent to rapid Auger decay. The measurements were performed at seven different photon energies: 303.8, 307, 311.8, 312.2, 319.4, 320.9, and 329.8 eV. Here, the C 1s ionization energy is 297.63 eV [18] . At four energies (303.8, 307, 312.2, and 320.9 eV) we recorded two sets of spectra using horizontal and vertical polarizations.
In the analysis of the experimental data, we have employed the projection method [19, 20] . In this method, all possible experimental information is encapsulated in four one-dimensional (1D) functions. Since we use all the data points to obtain the four 1D functions, the statistical data analysis is improved significantly compared with the conventional approach where the reaction plane is predefined (see, e.g., [11, 12] ). A similarly important advantage is that data from all directions in the laboratory frame are used in the projection method which, to first order, averages out possible systematic errors. With the resulting four 1D functions, we can reconstruct MFPADs at each energy for any angle between the molecular axis and the E vector [21] .
We have also calculated photoelectron angular distributions within a relaxed-core Hartree-Fock (RCHF) approximation using a molecular basis set obtained with Slater's transition-state approximation [22] . To obtain the photoelectron orbitals we employed an iterative procedure to solve the Lippmann-Schwinger equation associated with the one-electron Schrödinger equation [23] with a potential produced by the transition-state orbitals. The calculations are practically the same as reported previously [11] .
To compare the measured and calculated MFPADs, we selected the reaction in which the electron is emitted in the plane defined by the molecular axis and the E vector and reconstructed the MFPADs in this reaction plane, as shown in Fig. 1 . Here the angle n between the E vector and 
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083001-2 molecular axis is shown along the horizontal axis and the electron emission polar angle relative to the molecular axis is shown along the vertical axis. The electron emission intensity is plotted in a gray scale (color scale online), at five photon energies.
At first glance, the agreement between experiment and theory is reasonable. In this figure, n ¼ 0 and 90 correspond to AE ! AE and AE ! Å transitions, respectively. The shape resonance is located at 312 eV, where the electron emission is mostly at n ¼ 0 (AE ! AE) and along the molecular axis. The calculated MFPADs are also seen to always exhibit symmetry relative to the center because of the assumed D 1h molecular symmetry. However, we should note that the measured MFPADs do not show this complete point symmetry at 312.2 and 320.9 eV.
To confirm this asymmetry, in Fig. 2 , we made polar plots of the electron emission at n ¼ 0 for six energies. Here, the polarization vector is parallel to the molecular axis. The solid curves represent the simulation. The distribution at each energy is normalized so that the integrated intensity (area enclosed) is the same for the measured and calculated spectra. In this plot the disagreement between the measured and calculated spectra at $320 eV, as discussed previously in Ref. [11] , becomes apparent. Besides, we can clearly see that, though the calculated MFPADs are always symmetric, the measured MFPADs at 311.8 and 312.2 eV, as well as at 319.4 and 320.9 eV, exhibit asymmetry. Here, the MFPADs at 312.2 and 320.9 eV were recorded with horizontal polarization, whereas the MFPADs at 311.8 and 319.4 eV were recorded with vertical polarization with slightly different field conditions at a different beam time, for confirmation. We also investigated the dependence of the MFPADs on kinetic energy release (KER); the MFPADs are essentially the same as shown in Figs. 1 and 2 , as long as the KER is larger than 4 eV. This confirms that the axial recoil approximation holds [4] , and both Auger decay ($7 fs) and dissociation ($10 fs) can be assumed to be much faster than molecular rotations with its time scale of the order of ps. In our preliminary report [11] , we could not identify this asymmetry because of the low statistics of the experimental data: significant improvement in the statistics of the data, afforded by the projection method, allowed us to pindown the asymmetry as evidence of partial breakdown of the two-step model.
We have previously observed a similar asymmetry in the O 1s MFPADs [12] . Starting with delocalized O 1s g and u core holes, the observed asymmetry can be interpreted as due to interference between these two intermediate states and thus as a signature of the breakdown of the two-step model. The observations, however, are to be rationalized as follows. Antisymmetric stretching vibrations are known to arise in the O 1s ionized state [24, 25] . The CO 2þ ion has an asymmetric equilibrium configuration with respect to the plane perpendicular to the molecular axis and dynamical core-hole localization is realized through vibronic coupling. As a result, diabatic representations of the symmetry-broken potential energy curves are more realistic than the adiabatic representations of symmetry-adapted potential energy curves. One can thus expect that the C-O bond, with a core hole on the oxygen atom, is already slightly elongated at photoionization. In this case, the core hole resides on the O þ ion and an ejected electron thus experiences an asymmetric potential resulting in reflection asymmetry in the MFPADs. In a sense, asymmetry in the O 1s MFPADs due to dynamical corehole localization is to be expected.
The observed asymmetry of the C 1s MFPADs cannot be explained by the same line of argument as for the O 1s trons with asymmetric fragmentation O þ -CO þ affect the correlated photoelectron angular distributions? One obvious possibility would be that we are probing MFPADs from an asymmetric geometry by detecting asymmetric fragmentation. We thus carried out calculations of the MFPADs for several displacements of the C and O atoms with a harmonic potential for the ground asymmetrical vibrational mode. In Fig. 2 , the dashed lines show the results with the C and O atoms at their root mean square displacements in this potential (CO distances of 2.3147 and 2.0773 a.u.). As can be seen, the MFPADs calculated with this displacement certainly indicate an asymmetry and are in better agreement with the measurements at 311.8 and 312.2 eV. The MFPADs are rather insensitive to the displacement at the lower energies of 303.8 eV (not shown here) and 307 eV. At energies of 319.4 and 320.9 eV, the calculations predict a much richer structure than observed, as noted previously [11] , and one cannot judge whether this displacement results in better agreement with the observations. At 329.8 eV, the same displacement predicts significant asymmetry in the MFPAD, while the observed MFPAD is symmetric. These findings imply that the observed asymmetry of the MFPADs may be related to the asymmetric geometry but also depend on the specific photon energies, indicating the effect of the resonance.
We note that similar asymmetric molecular-frame angular distributions have been observed in valence photoemission of homonuclear diatomic molecules [26] [27] [28] . In these cases, close-lying gerade and ungerade symmetry states give rise to interference terms. In the present work, we offer the first evidence of asymmetric MFPADs from a symmetric molecule for core-level photoemission from the central atom, which subsequently undergoes Auger decay. Here, as in valence photoionization, the interference term between the gerade and ungerade symmetry states is considered the cause of the asymmetric MFPADs, representing a partial breakdown of the two-step model. A recent study on the photoelectron satellite observed at the shape resonance suggested that 2 À1 g 4 u shape resonance couples to conjugate satellite continuum state 2 À1 g 1 À1 g 2 1 u g , resonantly enhancing the latter satellite cross section [29] . We speculate that this coupling may generate the interference term, resulting in partial breakdown of the two-step model. The results at $320 eV may also be interpreted as a consequence of similar coupling between the 2 À1 g u continuum state and the conjugate satellite continuum state, S3 designated by Schmidbauer et al. [30] , which appears at $320 eV. Our hypothesis here assumes that an interaction between the photoelectron and the valence electron causes the interference responsible for the partial breakdown of the two-step model and that PCI plays no role.
In summary, we have reported on the results of measurements and calculations of MFPADs for C 1s photoemission from CO 2 . Contrary to the calculated MFPADs, the measured MFPADs display a weak but definite asymmetry with respect to the central C atom, providing evidence for an overlap of the gerade and ungerade symmetry states of the molecular ion resulting in their coherent superposition and consequently a partial breakdown of the two-step model of the Auger decay.
